that there may be some other process involved. 1 A review of autopsy studies reveals some degree of contact between the trigeminal nerve and a blood vessel in 90%-100% of patients with TN, but also in 16%-58% of patients without TN. [16] [17] [18] [19] In 2009, Miller et al., 35 evaluated neurovascular compression (NVC) in patients with and without TN and concluded that trigeminal NVC occurred in asymptomatic patients but was more severe and more proximal in patients with TN. A review of the literature reveals that a wide range (4%-89%) of TN patients has no demonstrable vascular contact. [2] [3] [4] 12, 19, 24, 26, 34 For example, Leal et al. 26 reported no NVC in 9% of patients by surgical exploration, and imaging revealed no vessel in relation to the nerve in 12% of patients. There are also reports in which all patients have NVC. 40 Improvements in imaging technology resolution capabilities have further reinforced that TN can occur in the absence of vascular contact. 9, 26, 34 TN patients often experience a recurrence after an initially successful surgical procedure. A review of the literature reveals a wide range of recurrence rates of approximately 6%-41%. 5, 6, 8, 10, 11, 22, 23, 25, [27] [28] [29] 33, [36] [37] [38] [39] [41] [42] [43] [44] Surgical alternatives after recurrence include repeat exploration for recurrent vascular compression and microvascular decompression (MVD), internal neurolysis, or radiofrequency lesioning. Other alternatives for recurrent TN include partial or complete sensory rhizotomy, balloon rhizotomy, glycerol injections, and radiosurgery. Most experienced surgeons tend to favor less destructive approaches since anesthesia dolorosa (deafferentation pain) is a known, and feared, complication of application of destructive procedures to the trigeminal nerve.
In this study we sought to evaluate, in an independent manner, the presence of NVC in a preoperative TN patient population using 3D-reconstructed balanced fastfield echo (BFFE) images fused with 3D time-of-flight MR angiography (MRA) and 3D Gd-enhanced images. We also sought to determine if TN recurred in the absence of NVC.
Methods

Patients
A retrospective review of patients 18 years of age or older with TN Type 1 (TN1) or Type 2 (TN2) 7 at Oregon Health & Science University (OHSU) from July 2006 to February 2013 was undertaken. The study was approved by the OHSU Institutional Review Board.
Imaging
Patients underwent preoperative high-resolution MRI and MR angiography (MRA) with 3D reconstructions using OsiriX. Magnetic resonance imaging (BFFE and MRA) using a 3-T MR scanner (Philips Achieva) was performed as previously described. 34, 35 The 3D reconstructions were independently reviewed by a neurosurgical fellow blinded to the surgical findings.
3D Image Reconstruction
All BFFE and MRA images were postprocessed using an OsiriX 32-bit Advanced Open Source Workstation DICOM viewer (www.osirix-viewer.com) as previously described.
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Surgical Treatment
In patients in whom imaging confirmed NVC an MVD was performed. When there was no compression on preoperative imaging, an internal neurolysis procedure, a percutaneous procedure (radiofrequency lesioning), or no surgery was performed. 36 
Surgical Assessment of Vascular Compression
Video images of the intraoperative microscopic view were compared with the preoperative MRI reconstructions with special attention to the identity and nature of the offending vessel. The neurosurgical fellow determined the presence (yes, no) and side (left, right, bilateral) of compression, and the nature/identity (artery, vein, none) of the offending vessel based on the microscope videos and the 3D reconstructed images.
Statistical Analysis
Statistical analysis was performed using SPSS version 16.0 for Windows (SPSS, Inc.). The chi-square test was used for contingency tables with a p value of < 0.05 considered significant.
Results
Patient Demographics
Our review identified 257 patients with TN1 (219 patients) and TN2 (38 patients) who underwent high-resolution MRI/MRA with 3D reconstruction of combined images. In the TN1 group, the patients' mean age was 56 ± 14.2 years, 133 were female (60.73%), 109 had rightsided symptoms (49.77%), and 6 had bilateral symptoms (2.74%). In the TN2 group, the patients' mean age was 53.8 ± 11.7 years, 27 were female (71.05%), 25 had rightsided symptoms (65.79%), and 4 had bilateral symptoms (10.53%). Review of the medical history revealed that 68 patients had hypertension, 2 patients had multiple sclerosis, 5 patients had a history of cerebrovascular accident, and 13 patients had diabetes mellitus (Table 1) .
Surgical History
Of the 257 patients, 33 (26 in the TN1 group and 7 in the TN2 group) had undergone previous MVD procedures (Table 2) . Patients with a history of a prior MVD procedure were evaluated at OHSU, and imaging was performed as described above.
Vascular Compression: Imaging
Of the 219 TN1 patients, 150 (68.49%) had unilateral compression, 6 (2.74%) had bilateral compression, and 63 (28.8%) had no NVC. Compression was due to the superior cerebellar artery in 121 sides (74.7%), a vein in 20 (12.4%), the anterior inferior cerebellar artery in 13 (8%), the vertebral artery in 5 (3.1%), the basilar artery in 2 (1.2%), and a tumor in 1 (0.62%, meningioma).
Six TN1 patients had bilateral TN1 symptoms at some point in their history. (Note: This refers to the clini-cal syndrome of bilateral TN1. The fact that the number of patients with bilateral symptoms is the same (6) as the number of patients who had bilateral compression on imaging is a coincidence.) Of these 6 patients with bilateral symptoms, 2 patients had bilateral compression, 1 patient had unilateral compression, and 3 patients had no compression, as determined by imaging. Therefore, in patients with bilateral TN1, only 5 of 12 (41.67%) sides had visible NVC on imaging studies.
Of the 38 TN2 patients, 31 (81.58%) had unilateral compression. The offending vessel was the superior cerebellar artery in 26 cases (68.42%), a vein in 3 (7.89%), and the anterior inferior cerebellar artery in 2 (5.26%). There were no patients with bilateral NVC, and 7 had no NVC (18.4%) ( Table 3) .
No patient with TN2 had bilateral compression (Table  3) ; however, 4 patients had bilateral TN2 symptoms: 3 of these patients had unilateral compression, and 1 patient had no compression. Therefore, in this small group, only 3 (37.5%) of 8 sides had visible compression on imaging studies.
Vascular Compression: Surgical Confirmation
Surgical exploration was performed in 184 of 257 patients. Of this subset, 156 patients had TN1 (160 procedures).
Among the TN1 patients who underwent their initial surgery at OHSU (145 procedures), there were 115 cases in which imaging compression predictions were confirmed surgically (true positives). There were 3 false positives, 23 true negatives, and 4 false negatives.
Among the TN1 patients who had initial surgery at an outside hospital and subsequently underwent reexploration surgery at OHSU (15 procedures), there were 9 true positives, no false positives, 5 true negatives, and 1 false negative.
Among the TN2 patients who underwent their initial surgery at OHSU (27 procedures), there were 23 true positives, 1 false positive, 2 true negatives, and 1 false negative. Among the 3 TN2 patients who had initial surgery at an outside hospital, there was 1 true positive, 1 false positive, and 1 true negative (Table 4 ).
The sensitivity of imaging as a predictor of NVC for both TN1 and TN2 was 96%. The specificity of imaging findings for patients with TN1 and TN2 were 90% and 66%, respectively.
Discussion
As early as 1934 Dandy pointed out that vascular Trigeminal neuralgia recurrence rates after an initially successful MVD have been reported as ranging from 6% to 41% (Table 5) . 5 42 Liao et al. found that after 80 MVD procedures there were 5 cases of recurrence within 12 months. 29 Barker et al. 5 examined 1185 patients who underwent an MVD for TN over a 20-year period. Patients were followed for 1 year or longer after surgery, with 91% having at least 5 years' follow-up. The superior cerebellar artery was the cause of compression in 75% of patients, and the anterior inferior cerebellar artery in 10%. A compressive vein was observed in 68% of patients, and in 12% a vein was the sole cause of compression. Recurrence of TN occurred in 282 patients (23.8%), and reoperation was performed in 132 patients. The authors concluded that higher rates of recurrence occurred in patients in the following subgroups: 1) in females, 2) in patients with more than 8 years of TN prior to surgery, 3) in patients who underwent decompression of a vein during surgery, and 4) in patients with a lack of immediate postoperative relief. 5 Bederson and Wilson reviewed 252 MVDs performed in 246 patients. Thirty patients had no observable compression and were treated with partial sensory rhizotomy, and 56 patients had vascular contact without distortion and were treated with MVD and partial sensory rhizotomy. 6 Zakrzewska and Thomas evaluated 475 patients with TN. Sixty-five MVD procedures were performed in 55 patients; at 5 years' follow-up, 38% of the MVD patients had had a TN recurrence. 43 Rath et al. reported on 135 MVDs with a duration of follow-up ranging from 3 months to 5 years (mean 1.4 years). Venous compression was seen in 9 patients, and 7 patients (5%) had no venous or arterial compression. The recurrence rate was 16.7% at 5 years. The authors also commented that patients who had undergone previous destructive procedures had worse outcomes. 36 Sun et al. reviewed 61 cases in which patients had undergone MVD for TN with a duration of follow-up ranging from 1.1 to 10.5 years (mean 6.7). Of the 61 patients, 10 (16%) had recurrence within 2 years of surgery. 38 Tronnier et al. reviewed 225 cases in which patients were treated with MVD and found that 63% of the patients had 20 years of pain relief. 41 Sindou et al. evaluated 120 patients after MVD, with a mean followup period of 41 months; 83.3% and 79% of patients had pain relief from sitting craniotomy and lateral approach, respectively. 37 Cutbush and Atkinson evaluated 109 cases in which MVD was performed by a single surgeon. The mean duration of follow-up was 4.8 years, and 83 patients (76%) had resolution of their pain. The authors commented that most (66%) of the recurrences occurred within 12 months and the superior cerebellar artery was the vessel involved in over 70% of the cases. 11 Mendoza and Illingworth evaluated 132 patients who had 133 MVDs (one patient had bilateral symptoms). Follow-up in this series ranged from 6 months to 15 years (mean 5.3 years). After 95 (71%) of the procedures the patients had lasting resolution of their TN, and after 21 (16%), the patients had a minor recurrence. There was a statistically significant association between operative findings of compression and long-term pain relief. 33 Lee et al. evaluated 116 patients after MVD with 2 years' follow-up and 9 recurrences (8.6%). At least 2 patients in their series had no vascular compression and had pain recurrence. 27 Chen and Lee reviewed 114 cases in which patients had undergone MVD with at least 2 years' follow-up and found a recurrence rate of 17.5%. They noted that 4 patients did not have any visible compression at the time of surgery, and 9 patients had a prominent bone spur or acute angulation at the entry into Meckel's cave as the proposed cause of compression.
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Long-term studies demonstrate a less robust outcome for rhizotomy than for MVD in patients with TN. Burchiel et al. showed that after MVD or trigeminal rhizotomy (bipolar cautery of the lateral two-thirds of the trigeminal nerve after crushing) recurrence occurred in 47% of the MVD group and in 50% in the trigeminal rhizotomy group with a mean follow-up period of 8.5 years.
8 Zorman and Wilson evaluated 125 cases in which patients underwent MVD or partial sensory rhizotomies. The mean duration of follow-up was 26 months (range 6 months-13 years). In 26 patients there was no compression seen at the root entry zone, and those patients were treated with partial sensory rhizotomy. The authors reported a 91% success rate of pain relief. 44 Klun evaluated 178 patients after MVD and 42 patients after rhizotomy with a follow-up period of up to 12 years (mean 5.2 years). Eleven patients had tumors, 3 patients had multiple sclerosis, and 4 patients had bilateral pain; he excluded patients with "atypical pain." The rate of complete relief after 5 years was 84% for both operations.
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It is important to note that in all series mentioned above there was no differentiation of TN1/TN2 symptomology, no confirmatory preoperative imaging, and no indication of the degree or severity of NVC.
From the studies referenced above, two broad conclusions can be drawn. First, there seems to be a general consensus that some patients with TN do not manifest NVC at the time of surgical exploration. The mechanism for TN in these cases is unexplained. Second, despite initially effective MVD, there is a steady rate of pain recurrence, which averages 4%-5% per year. [2] [3] [4] 12, 19, 24, 26, 34 There is no consensus as to the etiology of pain recurrence in these cases.
We believe that the concordance of MRI and operative findings is the most compelling aspect of our results. Furthermore, our results would suggest that high-resolution MRI/MRA can reliably detect NVC in patients with TN. Our imaging indicates that 28.8% of patients with TN1 do not manifest NVC. Further, post-MVD imaging can discern whether trigeminal NVC has been effectively relieved. The result of out post-MVD imaging studies is that most patients who have recurrent TN after MVD do not have recurrent NVC. The main exception to this finding appears to be when the original NVC was either missed or inadequately decompressed at the time of the first MVD. We have previously demonstrated that 17% of the general population manifests NVC of the trigeminal nerve. 35 If, as has been estimated, the incidence of TN in the population is 1:10,000 (0.01%), 32 then 99.94% of individuals with trigeminal NVC do not have TN. Given these statistics, and the present evidence that TN can both occur and recur without NVC, the hypothesis that TN is caused by neurovascular conflict must be challenged.
Conclusions
High-resolution MRI has excellent sensitivity and specificity for the pre-and postoperative detection of NVC in TN1. Further, TN1 and TN2 both occur, and recur, in the absence of NVC.
